The coxsackievirus-adenovirus receptor (CAR) is the described primary receptor for adenovirus serotype 5 (Ad5), a common human pathogen that has been exploited as a viral vector for gene therapy and vaccination. This study showed that monocytes and dendritic cells (DCs), such as freshly isolated human blood myeloid DCs, plasmacytoid DCs and monocyte-derived DCs, are susceptible to recombinant Ad5 (rAd5) infection despite their lack of CAR expression. Langerhans cells and dermal DCs from skin expressed CAR, but blocking CAR only partly decreased rAd5 infection, together suggesting that other receptor pathways mediate viral entry of these cells. Lactoferrin (Lf), an abundant protein in many bodily fluids known for its antiviral and antibacterial properties, promoted rAd5 infection in all cell populations except plasmacytoid DCs using a CAR-independent process. Lf caused phenotypic differentiation of the DCs, but cell activation played only a minor role in the increase in infection frequencies. The C-type lectin receptor DC-SIGN facilitated viral entry of rAd5-Lf complexes and this was dependent on highmannose-type N-linked glycans on Lf. These results suggest that Lf present at high levels at mucosal sites can facilitate rAd5 attachment and enhance infection of DCs. A better understanding of the tropism and receptor mechanisms of Ad5 may help explain Ad5 pathogenesis and guide the engineering of improved rAd vectors.
INTRODUCTION
Adenoviruses are frequent causes of acute upper respiratory tract infections and can be responsible for ocular and gastrointestinal illnesses in humans. They have also been exploited for the development of replication-incompetent viral vectors because their genomes allow large inserts of expression cassettes, thereby offering efficient gene delivery. Recombinant adenoviruses (rAds), serotype 5 (rAd5) in particular, are commonly used vectors for gene therapy and vaccination trials (Barouch & Nabel, 2005; McConnell & Imperiale, 2004; Tatsis & Ertl, 2004 ). The primary receptor described for infection of most Ad species (A, C, D, E and F) is the coxsackievirus and adenovirus receptor (CAR) (Bergelson et al., 1997; Roelvink et al., 1998; Tomko et al., 1997) . As currently understood, infection of Ad5 (species C) involves binding of the viral fiber knob to CAR on the target cells (Roelvink et al., 1996) , followed by an interaction between the viral penton base with a v integrins on the cell surface (Wickham et al., 1993) . This allows virus-receptor complexes to enter clathrin-coated pits via endocytosis Wang et al., 1998; Wickham et al., 1993) . Efficient infection of Ad5 via CAR has mainly been demonstrated in vitro using immortalized cell lines with well-exposed CAR. However, CAR is naturally expressed in tight junctions between cells and therefore has limited accessibility on the apical cell surface (Cohen et al., 2001) . As a likely consequence of this, CAR has been shown to play a minor role in Ad5 infection of epithelial cells (Johansson et al., 2007) , hepatocytes (Smith et al., 2003) , fibroblasts (Hidaka et al., 1999; Leopold et al., 2006) and antigen-presenting cells (APCs) such as dendritic cells (DCs) (Cheng et al., 2007; Lore et al., 2007; Rozis et al., 2005; Tillman et al., 1999) . Thus, CAR-independent infection pathways used by Ad5 have been proposed. For example, heparan sulfate glycosaminoglycans have been demonstrated to mediate Ad5 infection (Cheng et al., 2007; Dechecchi et al., 2001 Dechecchi et al., , 2000 Xie et al., 2006) . As opposed to the fiber knob, the hexon of Ad5 was shown to be able to directly bind the coagulation factor X and mediate Ad5 infection of the liver (Waddington et al., 2008) . Moreover, lactoferrin (Lf), an iron-binding protein present at mucosal sites and in many bodily fluids, was shown to facilitate binding of Ad5 to human epithelial cells and enhance infection via a CAR-independent manner using a yet undefined receptor (Johansson et al., 2007) . Interestingly, Lf is mainly known for its immunomodulatory properties, which enhance anti-microbial and anti-inflammatory responses (Legrand et al., 2005) . High levels of Lf present during inflammation were recently shown to directly recruit and activate DCs (de la Rosa et al., 2008; Spadaro et al., 2008) .
The receptor pathways used for Ad5 entry into DCs are poorly understood. We have previously demonstrated that primary human CD11c + myeloid DCs (MDCs) and CD123 + plasmacytoid DCs (PDCs) are susceptible to rAd5 and are able to present rAd5-encoded antigen to activate specific T-cell responses (Lore et al., 2007) . In this study, we investigated the involvement of CAR and the influence of Lf in rAd5 infection in relevant primary human APC populations from both blood and skin.
METHODS
Isolation of blood DCs. This study was approved by the ethical committee at the Karolinska Institutet, Stockholm, Sweden, and the NIH, Bethesda, MD, USA. Our sorting procedures for direct isolation of DCs from blood have been described previously (Lore et al., 2003 (Lore et al., , 2007 Smed-Sorensen et al., 2005) . DCs were cultured in complete medium composed of RPMI 1640 and 10 % fetal calf serum (FCS; Sigma-Aldrich). To maintain viability, the medium for PDCs and MDCs was supplemented with interleukin (IL)-3 (1 ng ml 21 ; R&D Systems) or granulocyte-monocyte colony-stimulating factor (GM-CSF, 2 ng ml 21 ; PeproTech), respectively.
In vitro differentiation of DCs from monocytes. Monocytederived dendritic cells (MDDCs) were prepared as described previously (Lore et al., 1998) with some modifications. Adherent monocytes were cultured for 6 days in complete medium supplemented with IL-4 (150 ng ml 21 ; R&D Systems) and GM-CSF (300 ng ml
21
) to obtain .90 % CD1a + CD14 2 immature DCs.
Human monocyte enrichment. Adherent monocytes were collected by cell scraper and cultured in complete medium to obtain enriched monocyte cultures (.90 % CD14 + ).
Isolation of skin DC subsets. Skin was collected from patients undergoing breast-reconstruction surgery (Karolinska University Hospital, Stockholm, Sweden). Skin DCs were isolated as described previously with some modifications (Lore et al., 1998) . Following surgery, skin was processed with a skin graft mesher (Zimmer).
Meshed skin was incubated with dispase (3.4 U ml 21 in PBS; Gibco) for 90 min at 37 uC before the dermis and epidermis were separated with forceps. The epidermis and dermis were incubated separately in complete medium (with 40 ng GM-CSF ml 21 ) for 48 h at 37 uC to induce the migration of epidermal Langerhans cells (LCs; CD1a + , HLA-DR + ) and dermal DCs (dDCs; CD1a +/2 , HLA-DR + ), respectively. All experiments were carried out on freshly harvested DCs.
Phenotypic characterization of DCs. Cells were harvested, washed in PBS supplemented with 2 % FCS and surface stained with different combinations of anti-CD1a, anti-CD11c, anti-CD123, anti-CD14, anti-CD80, anti-CD86, anti-HLA-DR (BD Biosciences), anti-CAR (Upstate), anti-DC-SIGN (R&D Systems), and anti-langerin (Beckman-Coulter) monoclonal antibodies (mAbs) for 15 min at 4 uC and then washed. The cells were collected on a FACSCalibur flow cytometer (BD Biosciences) and all data were analysed using FlowJo software (version 8.5; Treestar).
Production of Ad construct. E1/E3-deleted, replication-incompetent rAd5 or Ad35 vectors were generated in PER.C6/55K cells as described previously (Barouch et al., 2004; Havenga et al., 2001) . Viral titres were determined by high performance liquid chromatography and infectivity was assessed by plaque assays using PER.C6/55K cells.
rAd5 and rAd35 infection of cells. Cell populations were cultured at 1610 6 cells ml 21 (with ¢3610 5 cells per tube) at 37 uC in polystyrene round-bottomed tubes (BD Labware) and exposed to either rAd5 or rAd35 encoding green fluorescent protein (rAd35-GFP) at the indicated inoculums of infectious particles (i.p.) per cell for 24 h. Infections were evaluated using flow cytometry.
Lf and transferrin treatment of rAd. rAd5 or rAd35 was incubated with human Lf from milk or recombinant human Lf produced in rice (HLf), bovine Lf from milk (BLf) or human transferrin (HTf) (SigmaAldrich) at the indicated concentrations for 3 h at 25 uC before exposure to cells. In the indicated experiments, the various Lfs or HTf were added simultaneously with rAd to the cells.
Stimulation of MDDCs. MDDCs were stimulated with Lf or lipopolysaccharide (LPS) from Escherichia coli 055 : B5 (SigmaAldrich) for 24 h and evaluated for CD86 expression using flow cytometry.
Endotoxin removal of Lf stocks. Endotoxin contents were reduced in all protein stocks using 1 % Triton X-114 extraction (Calbiochem). HLf and BLf stocks at 1 mg ml 21 contained ¡1.25 and ¡0.125 ng endotoxin ml 21 , respectively, levels that were reduced 10-fold by this procedure. The final concentrations of endotoxin in the Lf/rAd5 mixes added to DC cultures were 23-fold more diluted. Endotoxin was measured using a Limulus amoebocyte lysate assay. Statistical analyses. Statistical analyses were performed using Student's paired t-test ( Fig. 1 and Supplementary Fig. S1 ) or Wilcoxon signed rank test (Figs 2-7) with Graph Pad Prism software.
RESULTS

CAR-independent rAd5 infection of human DCs
We initiated these studies by performing a side-by-side comparison of various APC subsets for their Ad5 susceptibility and the involvement of CAR in this process. We exposed in vitro-differentiated MDDCs and freshly sorted monocytes, MDCs and PDCs from blood, and LCs and dDCs from skin, to replication-incompetent rAd5 encoding GFP. Thus, infected cells expressed GFP but did not produce new viral particles. We exposed the cell populations to an inoculum of 100 i.p. rAd5-GFP per cell and analysed the frequency of infected cells after 24 h by flow cytometry as described previously (Lore et al., 2007) . Among the APCs purified from blood, MDDCs, monocytes and MDCs were susceptible to rAd5, whilst PDCs showed markedly lower infection frequencies (Fig. 1a) as defined by our criteria of monitoring GFP expression, which does not rule out virus entry (Rea et al., 2001) . No reduction in rAd5 infection was observed in any of the blood APC populations when CAR was blocked using neutralizing anti-CAR mAbs (clone RmcB; Hsu et al., 1988) during virus exposure (Fig. 1a) . This mAb partially reduced Ad5 infection (by ¡40 %) in CAR-expressing 293T cell lines (data not shown). An alternative anti-CAR mAb (clone E1-1; Ebbinghaus et al., 2001 ) also did not show any reduction in rAd5 infection in blood APCs (data not shown). LCs isolated from epidermis and DCs isolated from dermis were also susceptible to rAd5 infection (Fig. 1a) . However, in contrast to the blood APCs, CAR blocking resulted in a partial and significant reduction in rAd5 infection in LCs (mean 25 % reduction, P50.02) and dDCs (mean 38 % reduction, P50.01; n53) (Fig. 1a) .
We next analysed the cell-surface expression of CAR on all of these APC populations. The cell lines 293T (expressing CAR) and CHO-R (not expressing CAR) were used as CAR staining controls. The APC populations from blood were found to exhibit no or very low levels of CAR expression (Fig. 1b) . In contrast, epidermal LCs had a high and uniform expression of CAR, whilst most dDCs expressed low or undetectable levels except for a small subpopulation that exhibited clear CAR expression (Fig. 1b) . Because the various APC subsets were susceptible to rAd5 infection, showed variable surface expression of CAR and blocking of CAR did not completely eliminate susceptibility to rAd5, we hypothesized that CAR-independent pathways can be used by rAd5 for infection of these cells.
Lf enhances rAd5 infection of MDDCs
The short fibers present on Ad5 used for binding to cells may indicate that the virus needs a well-exposed receptor or alternative soluble components promoting viral attachment to cells and infection. As mentioned earlier, it was reported recently that the iron-binding protein Lf can promote infection of Ad5 in epithelial cells where CAR is not accessible (Johansson et al., 2007) . We therefore investigated whether Lf influenced and/or promoted infection of rAd5 in human APCs. We tested two commercial sources of Lf by pre-incubating rAd5 with various doses (10-1000 mg ml 21 ) of either HLf or BLf, representing physiological doses in vivo. The Lf-rAd5 mix was added to MDDCs at a fixed inoculum of 50 i.p. per cell for 24 h. Both HLf and BLf significantly enhanced the in vitro transduction efficiency of rAd5 in MDDCs in a dosedependent manner (Fig. 2a, b) . At a concentration of 1 mg ml 21 , BLf and HLf increased rAd5 infection in MDDCs 8.7-and 3.4-fold, respectively (P50.0001; n518 and 13, respectively; Fig. 2b ). Lowering the concentration of Lf to 100 mg ml 21 still increased rAd5 infection of MDDCs (P¡0.039). Lf promoted rAd5 infection when pre-incubated with the virus, suggesting that Lf first binds to rAd5 and that the complex then interacts with the cells. Pre-treating MDDCs with Lf prior to rAd5 exposure also enhanced the rAd5 infection frequency, although this effect was less pronounced than when rAd5 was pre-treated with Lf (data not shown). Also, pre-treating rAd5 with similar doses of Lf but using lower or higher concentrations of rAd5 showed a similar Lf-mediated augmentation of MDDC infection (data not shown).
In addition to the increased frequencies of rAd5-infected MDDCs mediated by Lf, the infected cells were found to produce more GFP on a per-cell basis, as measured by the elevated median fluorescence intensity (MFI) of GFP (Fig.  2c) . Treatment with 1 mg BLf or HLf ml 21 increased the GFP MFI of rAd5-infected cells 6.4-and 4.7-fold, respectively, compared with rAd5 alone (P50.0002; n516 and 9, respectively). Lowering the concentration of Lf to 100 mg ml 21 still increased the GFP MFI of rAd5-exposed MDDCs (P50.016 and P50.027).
Lf enhances rAd5 infection in primary human APCs
We next turned to primary APCs. Lf also significantly enhanced rAd5 infection of monocytes in a dosedependent manner (Fig. 3a, b) . As was observed in MDDCs, Lf treatment of rAd5 was accompanied by a significantly higher GFP MFI within the infected monocytes ( Fig. 3a and data not shown). Lf also increased rAd5 infection of freshly isolated MDCs from blood 2-fold (1 mg ml 21 , P50.008, n57; Fig. 4a, b) . Lf-mediated infection was again associated with an increase in the GFP MFI (Fig. 4c) . In contrast, rAd5 infection of PDCs was found to be low and Lf did not increase infection of these Graph showing combined data of infection frequencies in monocytes exposed to rAd5 pre-incubated with various doses of HLf or BLf. Results are shown as means±SEM; *P,0.05; **P,0.005. cells (Fig. 4a, b) . Increasing the dose of either rAd5 or Lf did not lead to an appreciable Lf-mediated increase in rAd5 infection in PDCs (data not shown). In contrast, Lf increased the frequencies of rAd5 infection in dDCs. Infection of LCs increased 1.6-fold when pre-incubated with 1 mg ml 21 of either Lf (P50.016, n56; Fig. 4d, e) . Similarly, Lf increased infection in dDCs ¢1.9-fold (P50.016, n56; Fig. 4d, e ). An increased GFP MFI of the infected dDCs accompanied the increased infection frequencies (Fig. 4d) .
Lf induces phenotypic maturation of DCs
We examined the extent by which Lf induces activation of DCs by assessing phenotypic maturation and how this affected rAd5 infection. MDDCs were exposed for 24 h to Lf. Exposure to doses ¢100 mg ml 21 led to full maturation of DCs visualized by complete upregulation of CD86 (Fig. 5a ) and CD80 and CD83 (data not shown). As the immunostimulatory effects of Lf may involve its capacity to form complexes with endotoxin (i.e. LPS; Miyazawa et al., 1991) , we compared DC maturation using preparations of Lf with and without LPS removed. Although the maturation was reduced, it was still induced by Lf with undetectable LPS levels (,4610 25 ng ml
21
; Fig. 5a ). Stimulation by LPS alone at concentrations between 0.0005 and 0.043 ng ml
, mimicking the range of detected LPS contamination in untreated Lf, showed maturation with the highest dose and a gradual decrease showing no or weak maturation using the lower dose (Fig. 5a) . Therefore, it is likely that LPS in untreated Lf preparations contributes to induction of DC maturation, but Lf itself is also able to cause differentiation of DCs. Furthermore, we examined whether maturation per se led to increased susceptibility to infection or increased gene expression from rAd5. Importantly, we found that CAR expression was still undetectable after maturation (data not shown). MDDCs were exposed to rAd5 pre-incubated with either untreated Lf or Lf with undetectable LPS levels. Lf-mediated augmentation of rAd5 infection was slightly lower when LPS was removed from the Lf preparations (Fig. 5b) . Simultaneous LPS stimulation and rAd5 exposure excluding Lf also led to a minor but non-significant increase in infection (Fig. 5b) . Thus, whilst it is possible that DC maturation induced by Lf may contribute to the enhancement of Ad5 entry and/or gene expression, DC maturation does not account for the majority of the Lf-mediated enhancement of rAd5 infection observed. 
Lf-mediated rAd5 infection does not involve CAR binding
To examine the specificity of the rAd5-Lf interaction and subsequent enhancement of rAd5 infection, a related ironbinding protein, HTf (Wally & Buchanan, 2007) , was studied for its influence on Ad5 infection. Pre-treating rAd5 with HTf at various concentrations ranging from 40 to 1000 mg ml 21 had a slight but non-significant effect on the ability of rAd5 to infect MDDCs (P50.07, n55; Fig. 6a) . Blocking CAR did not reduce the Lf-enhanced infection frequencies of rAd5, suggesting that Lf promotes rAd5 infection using a CAR-independent pathway (Fig. 6b) . To test whether the entry-promoting effect of Lf was specific to rAd5, we extended our studies to include a species B Ad (rAd35), which utilizes CD46 for entry (de Gruijl et al., 2006; Lore et al., 2007) . rAd35 encoding GFP was pretreated with Lf and then exposed to MDDCs for 24 h at 10 i.p. per cell. At a concentration of 1 mg ml
21
, Lf significantly increased rAd35 infection in MDDCs by ¢2.3-fold (P50.03, n55; Fig. 6c) . In contrast to rAd5 infection where we found that Lf operates independently of CAR, Lf-mediated enhancement of rAd35 infection was dependent on the primary receptor CD46, as the presence of neutralizing anti-CD46 mAbs (clone 13/42) almost abolished infection (Fig. 6c) .
Treatment of MDDCs with heparin sodium salt significantly reduced the BLf-and HLf-mediated rAd5 infection rates by means of 62.5 and 17 %, respectively, compared with the heparin-untreated cells (P50.004, n58), but had no inhibitory effect on rAd5 infection alone (Fig. 6d) . A heparin-sensitive rAd5 infection pathway as reported for DCs (Cheng et al., 2007) may therefore be present in these cells if a bridging molecule such as Lf is involved.
Lf-binding receptors expressed on DCs and monocytes
As Lf-mediated rAd5 infection apparently occurred independently of CAR, we searched for APC-related receptors with potential to interact with Lf. There is no known exclusive receptor for Lf (Suzuki & Lonnerdal, 2002; Suzuki et al., 2005) . HLf and BLf share similar amino acid sequences and structures (Pierce et al., 1991) . However, BLf has four potential N-linked glycosylation sites, of which two to three have been shown to be occupied by high-mannose-type oligosaccharides, whereas natural HLf has two N-acetyl-lactosaminic-type oligosaccharides (Coddeville et al., 1992; Spik et al., 1988; van Berkel et al., 1996) . Based on these different glycosylation patterns, BLf and HLf may interact with different carbohydrate-binding receptors. A number of receptors for mannose-containing proteins have been described including C-type lectin receptors such as the mannose receptor (CD206) and the DC-specific intercellular adhesion molecule-3 (ICAM-3)-grabbing nonintegrin (DC-SIGN or CD209; Groot et al., 2005; Naarding et al., 2005) . Another C-type lectin receptor known to bind both mannose and N-acetylglucosamine is langerin (CD207).
We found that MDDCs expressed high levels of DC-SIGN but expressed no langerin (Fig. 7a) . Monocytes expressed no DC-SIGN or langerin. Although MDCs occasionally showed a small proportion of DC-SIGN + cells, most cells showed no expression. Some MDCs expressed low levels of langerin. LCs isolated from epidermis had uniform and high expression of langerin but did not express DC-SIGN. dDCs contained a subpopulation that resembled and could potentially be contaminating epidermal LCs, but the majority of the cells did not express langerin or DC-SIGN. As our prior studies showed that PDCs had poor susceptibility to Lf-mediated rAd5 infection, we excluded them from this analysis. (e) rAd5 pre-treated with deglycosylated BLf was exposed to MDDCs and showed no appreciable increase in infection compared with rAd5 alone.
DC-SIGN expressed on MDDCs acts as a receptor for BLf-mediated rAd5 infection
To test whether these receptors are functionally involved in Lf-mediated rAd5 infection, we employed two known blocking agents: a neutralizing mAb against DC-SIGN (clone 120507; Wu et al., 2002) and mannan (Naarding et al., 2005) . The anti-DC-SIGN antibody specifically blocks DC-SIGN, whereas mannan can reduce both DC-SIGN and langerin function (Turville et al., 2002) . We found that if the cells were incubated with anti-DC-SIGN prior to virus exposure, the BLf-enhanced rAd5 infection in MDDCs was reduced by a mean of 65 %, but HLfenhanced rAd5 infection or rAd5 alone infection was not blocked (Fig. 7b) . The effect of mannan treatment was similar to that of the anti-DC-SIGN antibody and only blocked infection of BLf-treated rAd5 by a mean of 70 % (Fig. 7c) . Neither anti-DC-SIGN nor mannan decreased rAd5 infection in other APCs, regardless of Lf treatment (Fig. 7b, c) . These findings suggest that DC-SIGN binds to BLf-rAd5 complexes to facilitate entry of rAd5 into DC-SIGN + cells but is not involved in HLf-mediated rAd5 or rAd5 alone infection. As monocytes, MDCs, LCs and dDCs express very little or no DC-SIGN, blocking DC-SIGN had no effect on rAd5 infectivity in these cells (Fig. 7b) . Mannan also did not appear to block any infection of MDCs, LCs or dDCs, which would indicate that langerin's binding capacity to mannose is insufficient to partake in BLf-mediated rAd5 entry. However, langerin's binding capacity to N-acetylglucosamine would theoretically include interaction with HLf. Both HLf-and BLf-mediated infection of langerin + LCs was reduced when an antilangerin antibody (clone DCGM4) was present during virus exposure, which suggests that langerin may have an involvement in this process (see Supplementary Fig. S1 , available in JGV Online).
To investigate whether the involvement of DC-SIGN in the Lf-mediated enhancement depended on the respective glycosylation patterns of BLf and HLf, we treated the Lf proteins with Endo H to remove high-mannose-type oligosaccharides enzymically. Only BLf was sensitive to Endo H digestion, consistent with the presence of two to three high-mannose-type oligosaccharides on this protein (Fig. 7d) (Coddeville et al., 1992) . Pre-treating rAd5 with deglycosylated native BLf did not lead to any increase in rAd5 infection of MDDCs compared with rAd5 exposure alone (Fig. 7e) . In contrast, the HLf-mediated enhancement of rAd5 infection in MDDCs was not reduced when Endo H-treated HLf was used (data not shown). In conclusion, DC-SIGN probably interacts with BLf through its highmannose residues to mediate rAd5 infection. The receptor(s) involved in HLf-mediated infection remains elusive.
DISCUSSION
Although CAR is defined as the primary receptor for Ad5, several CAR-deficient cells are susceptible to Ad5 infection.
Our results demonstrated that CAR is not expressed on the surface of circulating DCs (MDCs, PDCs and MDDCs) or on monocytes from the blood but only on DCs that reside in intact tissue, represented by the skin LCs and dDCs. Consistent with these findings, previous reports have demonstrated that tissue DCs express numerous tightjunction proteins, including ZO-1, which associates with CAR (Cohen et al., 2001; Rescigno et al., 2001; Sung et al., 2006) . Blocking CAR on skin DCs significantly, although not completely, reduced their susceptibility to rAd5 at a similar magnitude as documented for CAR-expressing cell lines. In contrast, rAd5 infection of APCs from blood was not affected by blocking CAR. Based on these initial observations, we concluded that CAR has only limited involvement in rAd5 infection of DCs. This led us to hypothesize that other receptor pathways are likely to be utilized by rAd5 to infect these cells.
The structure of rAd5 including the relatively short fibers suggests that attachment to cells via a receptor that is poorly exposed such as CAR would make the infection process very inefficient. Therefore, it seems likely that other soluble components and/or cell-surface receptors are involved in promoting Ad5 binding and infection. As Lf was recently shown to facilitate attachment of Ad5 to epithelial cells by serving as a bridge between the virus and the target cell surface (Johansson et al., 2007) , we investigated the effect of Lf on infection of APCs. Lf is present in mucosal tissues and in most bodily fluids, such as milk, tear fluid, saliva, nasal secretions and vaginal mucus, and at low concentration in serum (Masson et al., 1966; Weinberg, 2001) . Lf is of interest with regard to DCs as it can interact directly with these cells and modulate important functions such as migration, cell activation and induction of T-cell responses (de la Rosa et al., 2008; Puddu et al., 2009; Spadaro et al., 2008) . It is therefore likely that Lf is present at high concentration at anatomical sites where peripheral DCs encounter pathogens such as Ad5 in vivo. Lf has been demonstrated to interfere with cellular entry by viruses such as human immunodeficiency virus type 1 (Groot et al., 2005) , Semliki Forest virus (Waarts et al., 2005) , human papillomavirus (Drobni et al., 2004) and Ad2 Pietrantoni et al., 2003) , indicating that Lf often acts to inhibit, not promote, viral entry (van der Strate et al., 2001) We found that Lf of both human and bovine origin enhanced rAd5 infection in a dose-dependent manner in all APC populations tested with the exception of PDCs. The mechanism by which this enhancement of infection occurs is probably initiated by Lf binding to rAd5, as pre-treating the cells with Lf had less effect than pre-treating the virus with Lf. Subsequently, a number of mechanisms by which rAd5-Lf complexes attach to the cell surface may be envisioned. These include increased accessibility of rAd5 to appropriate cell-surface receptors, reduced steric hindrance allowing for favourable electron charges between the virus and the cell, and perhaps the possibility of using alternative receptors for viral entry that are not available to rAd5 in the absence of Lf. We did not find any evidence that the Lfmediated increased infection of rAd5 involved CAR. Instead, the C-type lectin receptor DC-SIGN facilitated infection by Lf-rAd5 complexes. DC-SIGN was only shown to be involved in the infection of Lf-rAd5 complexes on MDDCs, the only cells examined in our studies that express DC-SIGN. Whilst not studied here, there are distinct DC-SIGN + DC subsets residing in submucosal and dermal tissues in vivo. However, DC-SIGN is known to be downregulated during migration and isolation of such cells, which is probably why we were unable to demonstrate DC-SIGN expression on the skin DCs isolated using our protocol (Turville et al., 2002) . rAd5 variants engineered to target DC-SIGN or its natural ligand ICAM-3 have been reported to enter DC-SIGN + cells more efficiently (Korokhov et al., 2005; Maguire et al., 2006) . As our data indicated that DC-SIGN interacts with BLf via its highmannose oligosaccharides, it was only involved in the BLfand not in HLf-mediated enhancement of rAd5. The relevance for DC-SIGN-Lf-mediated enhancement of Ad5 infection in humans therefore remains unknown, but other soluble proteins equipped with high-mannose N-linked glycans may play a role in promoting rAd5 infection of APCs expressing lectin receptors such as DC-SIGN. The previously reported modest effects of BLf compared with HLf for enhancing Ad5 infection of epithelial cells may be explained by a lack of or low expression of receptors with binding affinity to the high-mannose carbohydrate residues on BLf (Johansson et al., 2007) . Due to the wide tropism of Ad5, the virus probably utilizes various cell-surface proteins depending on the target cell type.
In addition to Lf-mediated rAd5 infection in DCs, we found that rAd35 pre-treated with Lf showed enhanced infection. However, whereas the receptor usage for Lfmediated rAd5 infection was independent of CAR, the primary receptor CD46 was essential for Lf-mediated rAd35 infection, at least in the studied population of MDDCs (Fig. 6d) . As CD46 is not a C-type lectin receptor and has no reported binding affinity to carbohydrates, it is likely that Lf mediates rAd5 and rAd35 infection through different mechanisms. Therefore, Lf may enhance infection by various Ad species in DCs, but the receptors used to enhance viral entry are different. It is possible that the net positive charge of Lf may act to shield negatively charged residues on Ad capsids, thereby reducing repulsive forces from the negatively charged plasma membrane and allowing more efficient binding to cellular receptors.
It remains to be elucidated whether Lf-mediated enhancement of Ad5 infection is primarily a consequence of binding and uptake mechanisms being enhanced so that more virions enter the cells or whether Lf stimulates the DCs and thereby supports viral replication, or in this case transcription of GFP. In regard to the latter, the elevated GFP MFI values of infected cells with Lf can be indicative of increased GFP transcription or translation. However, the strong maturation induced by LPS stimulation alone did not lead to significantly more GFP expression, suggesting that DC activation per se does not play a major role in enhancing Ad5 infection.
In conclusion, we have identified possible mechanisms that rAd5 can utilize to infect APCs independently of CAR. The differential CAR expression on various APCs and their respective ability to utilize alternative receptors may play a role in their susceptibility to natural infection by Ad5 in vivo, as well as having consequences for the administration of rAd5 vaccine or gene therapy vectors. The infection efficiency of DCs by wild-type Ad or Ad-based viral vectors, and the subsequent levels of antigen expression, antigen presentation and phenotypic differentiation of such cells, may greatly impact on the magnitude of the adaptive immune responses that are generated. Thus, a better understanding of the receptor pathways used by Ad5 to infect APCs may help guide the development of rAds with greater immunogenicity or target-cell specificity. The findings presented here may also lead to more efficient methods for in vitro transduction of DCs, thereby facilitating basic studies of the Ad5 infectious life cycle.
